We have previously reported that the hyperprolactinemia in incubating turkey hens is associated with recruitment of lactotrophs in the pituitary gland. In this study we have used double immunofluorescence and in situ hybridization histochemistry to 1) identify mammosomatotrophs in the anterior pituitary gland of egg-laying turkey hens and incubating hens, and 2) verify PRL gene expression within mammosomatotrophs by colocalizing PRL messenger RNA in GHimmunoreactive (ir) cells. The pituitaries of laying and incubating turkey hens were collected, and the midsagittal sections were dual labeled for either PRL and GH or PRL messenger RNA and GH. The plasma PRL concentrations were higher in incubating hens (231 Ϯ 10.6 ng/ml) than in laying hens (43 Ϯ 7.4 ng/ml; P Ͻ 0.01). In the midsagittal pituitary sections, mammosomatotrophs were predominantly found scattered in the caudal lobe of the anterior pituitary gland, in the ventral half of the cephalic lobe, and at the junction of cephalic and caudal lobes. In incubating hens, the proportion of mammosomatotrophs was 7.4 Ϯ 1.52% (mean Ϯ SEM) of the total number of GH-ir and/or PRL-ir cells counted, which was significantly higher (P Ͻ 0.05) than that found in laying hens (0.6 Ϯ 0.23%). Furthermore, PRL gene expression was observed in many GH-ir cells in the incubating hen pituitary gland. These data suggest that 1) mammosomatotrophs are present in the turkey pituitary gland, and 2) there is an increased abundance of mammosomatotrophs in the incubating turkey hen that may contribute to hyperprolactinemia. (Endocrinology 139: [781][782][783][784][785][786] 1998) 
M
AMMOSOMATOTROPHS are adenohypophysial cells that colocalize GH and PRL. The existence of mammosomatotrophs within the pituitary gland of several mammalian species has been reported previously (1) . Mammosomatotrophs have been proposed as transitional cells in the bidirectional conversion of somatotrophs to lactotrophs (2) .
Incubation behavior expressed by egg-laying turkey hens is associated with increased secretion of PRL from the pituitary gland that ultimately results in ovarian regression and loss of egg production (3) . Therefore, a clear understanding of the mechanism of transdifferentiation to lactotrophs may lead to an insight into the prevention of hyperprolactinemia and the negative effects of incubation behavior on the reproductive system. Unlike the mammalian anterior pituitary gland, the turkey adenohypophysis consists of two distinct lobes, namely the cephalic and caudal lobes (4) . In addition, the neurointermediate lobe, present in some mammalian species, is absent in birds. The distributions of lactotrophs and somatotrophs are anatomically separated in the turkey hen anterior pituitary gland. Lactotrophs are exclusively located in the cephalic lobe, whereas somatotrophs are distributed predominantly in the caudal lobe plus a few scattered groups in the cephalic lobe of the laying turkey hen anterior pituitary gland.
Expression of incubation behavior by the turkey hens is accompanied by a 5-to 10-fold increase in the plasma PRL concentration (5) . The hyperprolactinemia in the incubating turkey hen is associated with replacement of somatotrophs by lactotrophs in the anterior pituitary gland caudal lobe (4) . As mammosomatotrophs are proposed as the transitional cells in the interconversion of somatotrophs and lactotrophs in rats (2) , they should be present in the incubating turkey anterior pituitary gland if transdifferentiation plays an important role in the recruitment of lactotrophs and in augmenting PRL secretion. The existence of mammosomatotrophs, however, has not been reported in the turkey or any other avian anterior pituitary gland. Therefore, our objectives for the present study were to 1) identify mammosomatotrophs in the anterior pituitary gland of egg-laying turkey hens and incubating hens, and 2) verify PRL gene expression within mammosomatotrophs by colocalizing PRL messenger RNA (mRNA) in GH-immunoreactive (ir) cells.
Materials and Methods Animals
Large white turkey hens (Nicholas strain) were housed in floor pens at the Beltsville Agricultural Research Center (Beltsville, MD). Feed and water were available at all times. Each floor pen was provided with trap nests for use by the hens to lay eggs. Egg-laying turkey hens visit the nest box just to lay eggs, whereas incubating hens prefer to stay in the nest box at all times and resist dislodging from the nest box. The turkey hens are free to move within the nest box and do not experience discomfort or stress as they are acclimated to the trap nesting over several weeks.
Nest boxes were checked four times a day between 0700 -1300 h at 2-h intervals to 1) release the trapped hen and 2) check whether the hen had laid an egg. A record of daily nesting frequency and egg production was maintained for every hen. Egg-laying hens and incubating hens (n ϭ 4) were selected based on nesting frequency and egg production as follows: 1) hens that visited the nest box one or two times in a day and consistently laid an egg every 1-2 days were considered laying hens; and 2) hens that were found in the nest box at all nest checks without laying an egg for at least 10 days before death were classified as incubating hens.
Collection of pituitaries
Pituitaries were collected from laying and incubating hens as previously described (6) . Briefly, birds were anesthetized with sodium pentobarbital, and their heads were perfused with physiological saline followed by 4% paraformaldehyde solution. Brains and pituitaries were removed from the cranium and stored in 0.1 m sodium phosphate buffer (pH 7.2) at 4 C until processing. Pituitaries were dehydrated, cleared, and embedded in paraffin. Sagittal pituitary sections were cut at 4-m thickness using a Leica rotary microtome (Leica, Deerfield, IL), and serial sections were mounted on ribonuclease-free gelatin-coated microscopic slides.
Double immunofluorescent staining
A polyclonal antibody raised in rabbit against turkey GH (7) and a mouse monoclonal antibody (VIIA2) raised against a synthetic peptide fragment of chicken PRL (8) were used for dual labeling. Tissue sections were deparaffinized, hydrated, and incubated for 1 h with 2.5% normal goat serum in 0.01 m Tris-HCl and 0.15 m sodium chloride (pH 7.4; TBS) containing 1% Triton X-100. Slides were then incubated with a mixture of anti-PRL antibody (1:5,000) and anti-GH antibody (1:15,000) for 36 h at 4 C in a humid chamber. After a series of washes in TBS, slides were incubated with the biotinylated antirabbit IgG (1:400; Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Slides were then washed in TBS and incubated with a mixture of lissamine conjugated to antimouse IgG raised in goats (1:100; Jackson Immuno Research Laboratories, West Grove, PA) and avidin-fluorescein isothiocyanate (25 g/ ml; Vector Laboratories) for 2 h in the dark at room temperature. After washing in TBS, coverslips were applied using Vectashield (Vector Laboratories). PRL-ir (red) and GH-ir (green) cells as well as mammosomatotrophs were studied using fluorescence microscopy (Axioplan microscope, Zeiss, New York, NY).
Cell counts
The numbers of mammosomatotrophs, lactotrophs, and somatotrophs showing a complete cross-section of a cell with nucleus were counted under a microscope at ϫ1000 magnification in selected locations of midsagittal sections of the pituitary gland, where mammosomatotrophs were predominantly found in this study. The locations were the caudal lobe, the junction of cephalic and caudal lobes, and the ventral borders of cephalic lobe. The number of mammosomatotrophs as well as the total number of cells immunoreactive to GH and/or PRL counted from four midsagittal sections were summed for each hen. The ratio of mammosomatotrophs to the total number of immunoreactive cells that were positive for GH and/or PRL was expressed as a percentage and compared between laying and incubating hens by Student's t test using SAS (9) .
Dual in situ hybridization histochemistry and immunohistochemistry
To colocalize PRL mRNA and GH in pituicytes, in situ hybridization histochemistry (ISHH) was carried out, followed by GH immunohistochemistry (IHC) on the same pituitary tissue sections.
PRL mRNA probe preparation and digoxigenin labeling. The full-length turkey PRL complementary DNA (cDNA; 890 bp) insert (10) was cloned into Bluescript KS ϩ vector. The plasmid DNA containing the insert was extracted using the FlexiPrep kit (Pharmacia Biotech, Uppsala, Sweden), purified, and linearized using HindIII or BamHI restriction enzymes (Boehringer Mannheim, Indianapolis, IN). Antisense and sense strands of PRL cDNA insert were transcribed using T7 polymerase and T3 polymerase, respectively, and labeled with digoxigenin (Boehringer Mannheim).
ISHH. Tissue sections were deparaffinized, hydrated, and treated with 0.2 n hydrochloric acid. Slides were rinsed in 0.1 m phosphate buffer (PBS) containing 0.3% Triton X-100 and treated with proteinase K (Sigma Chemical Co., St. Louis, MO; 10 g/ml) in 0.1 m Tris-HCl containing 50 mm EDTA for 20 min. The protein digestion was stopped using 1% glycine solution, and tissues were fixed in 4% paraformaldehyde. Tissue sections were then acetylated with 0.25% acetic anhydride and 0.1 m triethanolamine and incubated in prehybridization buffer [50% formamide in 2 ϫ SSC (standard saline citrate)] at 37 C. Digoxigenin-labeled PRL riboprobe (50 ng/ml) was diluted in hybridization buffer (10 mm Tris-HCl, 12.5% Denhardt's solution, 50% formamide, 0.5% SDS, and 2 ϫ SSC), applied to the slides, and incubated in a humid chamber at 45 C overnight. The slides were washed twice in 2 ϫ SSC for 15 min each time at room temperature, twice in 0.1 ϫ SSC for 20 min each time at 42 C, and once in 0.1 ϫ SSC for 10 min at room temperature. The slides were then treated with 4% normal sheep serum in 0.1 m TBS containing 0.3% Triton X-100. Antidigoxigenin antibody conjugated to alkaline phosphatase (Boehringer Mannheim; 1:500) was applied to the tissue sections for 2 h. A color solution (450 g/ml 4-nitro blue tetrazolium chloride, 175 g/ml 5-bromo-4-chloro-3-indolyl phosphate, and 250 g/ml levamisole in 0.1 m TBS containing 50 mm MgCl 2 , pH 9.5) was applied until satisfactory blue color development was achieved. The color reaction was stopped using a solution of 50 mm EDTA in 0.1 m TBS containing 50 mm MgCl 2 .
IHC. Pituitary sections hybridized with PRL mRNA probe were then immunostained to locate GH using a standard immunoperoxidase method. A polyclonal antibody raised against turkey GH (7) was used at 1:15,000 dilution. Staining techniques, including controls, were performed as described previously (6) . PRL mRNA (blue) and GH (brown) labeling in pituicytes was studied using a Zeiss Axioplan microscope at a magnification of ϫ1000.
Controls
Immunofluorescence. PRL antibody and GH antibody were preadsorbed with their respective antigens (turkey PRL and/or turkey GH) for 48 h at 4 C and centrifuged at 100,000 ϫ g for 20 min. The supernatant was used in place of PRL antibody and/or GH antibody as a control while immunostaining.
ISHH. The digoxigenin-labeled sense strand of turkey PRL cDNA was used for ISHH as the control.
Plasma PRL analysis
The plasma PRL concentration (nanograms per ml) in egg-laying and incubating hens was measured by RIA (11) , and data were compared by Student's t test using SAS (9).
Results

Plasma PRL concentrations
Plasma PRL concentrations in incubating turkey hens (231 Ϯ 10.6 ng/ml) were significantly higher (P Ͻ 0.01) than those in egg-laying hens (43 Ϯ 7.4 ng/ml). At necropsy, egg-laying hens were found to have functional ovaries bearing a normal hierarchy of preovulatory follicles, whereas the incubating hens had completely regressed ovaries.
Dual immunofluorescent labeling
The distribution of fluorescent-labeled PRL cells and GH cells within the midsagittal sections of the anterior pituitary gland (shown diagrammatically in Fig. 1 ) was identical to that described using an immunoperoxidase technique (4).
Briefly, PRL-ir cells were found only in the cephalic lobe in laying hens, but were abundantly found in both cephalic and caudal lobes of incubating hens. Mammosomatotrophs, which showed colocalization of PRL and GH, were found in the midsagittal anterior pituitary gland sections of incubating turkey hens. They were predominantly found scattered in the caudal lobe, in the ventral half of the cephalic lobe, and at the junction of cephalic and caudal lobes (Fig. 1, triangles) . The bihormonal cells were very rare in egg-laying hens. Figure 2 , A-C, shows photomicrographs of midsagittal sections of the anterior pituitary gland of incubating turkey hens, indicating lactotrophs (red), somatotrophs (green), and mammosomatotrophs (green and either red or yellow). The arrow in all figures indicates a mammosomatotroph. Islets of GH-ir cells and PRL-ir cells from the cephalic lobe are shown in Fig. 2A , in which at least one of the GH-ir cells also contained ir-PRL. A hypertrophied mammosomatotroph observed at the junction of the cephalic and caudal lobes contained ir-PRL adjacent to the nucleus and GH throughout the cytoplasm (Fig. 2B) . Figure 2C shows a mammosomatotroph that appears to contain discrete secretory granules that colocalize PRL and GH (yellow fluorescence) as well as adjacent granules containing only PRL or GH. There was no immunofluorescence when PRL antibody and GH antibody were preadsorbed with PRL and GH and used in staining.
Mammosomatotroph cell count
In each laying and incubating hen, approximately 2000 cells were counted in each of four midsagittal pituitary sections at the locations described above. The proportion of mammosomatotrophs was 0.6 Ϯ 0.23% (mean Ϯ sem; n ϭ 4) of the total number of immunoreactive cells that were positive for GH and/or PRL in laying hens, whereas the proportion was significantly increased (P Ͻ 0.05) to 7.4 Ϯ 1.52% in incubating hens (n ϭ 4).
ISHH and IHC
A photomicrograph from a midsagittal pituitary section of an incubating turkey hen stained by ISHH and IHC is shown in Fig. 2D . The arrow in this figure points to a mammosomatotroph that colocalizes PRL mRNA (blue) and GH protein (brown) within the same cell. The PRL mRNA hybrids were always located in the cytoplasm. The ISHH procedures carried out on pituitary sections did not affect the subsequent GH immunostaining.
There was no ISHH staining in pituitary sections hybridized with the digoxigenin-labeled sense strand of turkey PRL cDNA or in regions of the caudal lobe of the anterior pituitary gland where there were no PRL-ir cells (data not shown). The specificity of PRL mRNA ISHH within the anterior pituitary gland was also evidenced by the hybridization signal occurring only in regions where there were PRL-ir cells in adjacent sections (data not shown).
Discussion
The present study documents the existence of mammosomatotrophs in the incubating turkey anterior pituitary gland. Such PRL-and GH-containing bihormonal cells have been identified in the human (12), bovine (13) , goat (14) , sheep (15) , bat (16) , rat (17) , mouse (18) , and musk shrew (19) anterior pituitary gland. To our knowledge, this is the first report of the existence of mammosomatotrophs within the avian pituitary gland.
In the present study, we first used immunofluorescent histochemistry to identify and quantitate mammosomatotrophs in the midsagittal pituitary gland tissue sections of laying and incubating turkey hens. Although we believe that localization of PRL and GH in discrete granules within clear cell boundaries using 4-m paraffin sections clearly demonstrates that these cells are mammosomatotrophs, we further confirmed the nature of these cells by demonstrating that de novo synthesis of PRL is occurring in GH-containing cells from incubating hens. We have previously shown that during the hyperprolactinemia that is characteristic of incubating hens, there is an increase in PRL-ir cells (4) . In the present study, plasma PRL levels were 5.3-fold higher in incubating hens than in laying hens. During a shift to hyperprolactinemia, mammosomatotrophs should be characterized by the presence of PRL mRNA in the cytoplasm of GH-ir cells as the de novo synthesis of PRL occurs in these cells. Our data (Fig. 2D) clearly demonstrate that such cells occur adjacent to cells that contain only PRL mRNA (lactotrophs) or only GH (somatotrophs). Although gene expression for PRL has previously been demonstrated in laying and incubating bantam chicken pituitaries by ISHH (20) , Fig.  2D extends that finding by demonstrating both PRL mRNA and GH within the same avian pituitary cell. Similarly, colocalization of PRL mRNA and GH within human adenohypophysial cells during pregnancy has been reported (21) .
In the present study, mammosomatotrophs were scarce (0.6%) in laying hen anterior pituitary glands. In contrast, mammosomatotrophs were relatively abundant within anterior pituitary glands of incubating hens (7.4%), and they were found localized in the ventral half of the cephalic lobe, in the caudal lobe, and at the junction of cephalic and caudal lobes (Fig. 1b) . The mammosomatotroph in Fig. 2B appears 
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to be at an early transitional stage, with PRL-ir granules just appearing adjacent to the nucleus. Other mammosomatotrophs appeared to be in a later stage of transition, with yellow fluorescence indicating the mixing of PRL and GH in the same cytoplasmic area. PRL and GH appear to be located at different cytoplasmic locations within some mammosomatotrophs, suggesting that they may be stored in discrete secretory granules or compartments. Some mammosomatotrophs appeared to contain discrete granules that were immunoreactive for both hormones, suggesting that GH and PRL may either be segregated in separate granules or be colocalized within the same granule. In mammalian mammosomatotrophs, GH and PRL were reported to occur both inside the same secretory granules (12) and in separate granules (22) . In previous immunohistochemical studies, the occurrence of mammosomatotrophs was reported to be rare in the lactating goat (14) , whereas in sheep, mammosomatotrophs comprised 0.15% of all pituitary cells (15) . Mammosomatotrophs formed 5.6 -9.6% of all pituitary cells obtained from virgin, late lactating, and postweaning rats (2) in reverse hemolytic plaque assays, and their relative proportions did not significantly change at the above physiological states. The proportions of PRL and GH dual secretors (mammosomatotrophs) in cell cultures obtained from bovine pituitaries at early luteal, midluteal, late luteal, and follicular phases varied significantly between 4 -16% of all pituitary cells (23) . The 12.3-fold increase in the proportion of mammosomatotrophs among GH-and PRL-ir cells with incubation behavior in the turkey hens observed in the present study is much greater than the relative change in the proportion of mammosomatotrophs reported in other species. Thus, the turkey hen may offer an excellent model for studying somatotroph and lactotroph transdifferentiation because of the rapid and dramatic changes in PRL secretion that occur when the hen shifts from egg production to incubation behavior, and because the anatomical distribution of lactotrophs and somatotrophs changes with respect to the animal's physiological state.
Besides PRL and GH colocalization, pituitary cells have been shown to contain or express more than one hormone such as ACTH and FSH (24) , PRL and FSH (25) , and GH and LH␤ or FSH␤ mRNA (26) . It is thus evident that adult differentiated pituitary cells retain their functional plasticity.
The physiological significance of the mammosomatotroph is not conclusively known in all of the mammalian species studied. Porter et al. (2, 27) proposed that in female rats, mammosomatotrophs may represent a group of transitional cells in the interconversion of somatotrophs to lactotrophs during gestation and lactation. Results from our earlier studies as well as those of others (1) suggest that there is recruitment of PRL-producing cells in the pituitaries of vertebrate animals under certain physiological conditions. The hyperprolactinemia in incubating bantam chicken hens has been associated with an increase in pituitary PRL secretors (28) . Similarly, PRL-containing cells were increased in the pregnant human pituitary, with a concomitant decrease in GHcontaining cells (29) . Considering the above, mammosomatotrophs observed in incubating turkey hens may be viewed as pituicytes, which support increased PRL production and maintenance of hyperprolactinemia. In addition, they may also be regarded as transitional cells in the transdifferentiation of mature somatotrophs to lactotrophs.
Hyperprolactinemia has been associated with ovarian regression and loss of egg production in turkey hens that result in a huge economic loss to the turkey industry (3). Furthermore, hyperprolactinemia in turkey hens brings about a significant decrease in body weight by affecting feed and water intake. The metabolic effects due to hyperprolactinemia in turkey hens include hemoconcentration, hypoglycemia, hypothermia, and increased blood ketone concentrations (30) . Some of the hyperprolactinemic turkey hens die due to the above metabolic effects if left untreated (our unpublished data). In men and women, hyperprolactinemia causes dysfunction of the hypothalamic-pituitary axis, the gonads, and the adrenal cortex (31) . In women, hyperprolactinemia causes menstrual disturbances, galactorrhea, infertility, and hirsutism, whereas in men, impotence and oligospermia result. Furthermore, hyperprolactinemia has been reported to cause glucose intolerance, hyperinsulinemia, and insulin resistance in rats and humans (32, 33) . One of the mechanisms underlying the maintenance of hyperprolactinemia is the overabundance of mammosomatotrophs observed in incubating hen pituitary glands. Mammosomatotroph adenoma of the pituitary gland has been reported to cause both hyperprolactinemia and elevation of basal GH secretion, resulting in gigantism (34, 35) .
In conclusion, we have shown that mammosomatotrophs exist in the avian pituitary gland. In addition, mammosomatotrophs were found in greater abundance when the turkey hens expressed incubation behavior. Further studies on the transdifferentiation mechanisms involving somatotrophs and lactotrophs may help to explain the increased PRL production that results in incubation behavior and ovarian regression in turkey hens.
